Vibrational transient grating measurements have been performed on the Si-H stretch vibration of amorphous silicon using intense picosecond infrared pulses from a free electron laser. From these data, the vibrational lifetime can be obtained directly, providing a valuable probe of the microscopic structure and dynamics in the vicinity of the Si-H bond. The stretch mode lifetime has been studied as a function of temperature and across the absorption band. Unexpectedly, the Si-H stretch vibration is demonstrated to be highly localized, and the bulk of the vibrational energy is shown to flow directly to bend vibrations, rather than to other stretch states or to host phonons.
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Amorphous silicon has been the subject of intense experimental and theoretical interest in recent years, not only as an interesting material for a variety of useful optical and electronic devices, but also as an excellent system for the study of amorphous materials. Hydrogen, introduced during deposition of the amorphous layer, saturates dangling bonds and reduces the number of electrical defects. However, the effects of hydrogenation are not purely beneficial. It has been suggested 1,2 that hydrogen plays a role in the degradation of the material upon illumination. 3 A structural change and defect formation may be caused by photoinduced breaking of a Si-Si bond just behind the Si-H bond. A microscopic probe of the structure and dynamics in the vicinity of the Si-H bond is therefore extremely desirable. Infrared spectroscopy has proven to be a useful tool to study the role of hydrogen in amorphous silicon [4] [5] [6] due to the molecular specificity afforded by the technique. Especially interesting is the Si-H stretch mode in the neighborhood of 2000 cm Ϫ1 . This vibrational band is a sensitive probe of the local structure, exhibiting a large degree ͑ϳ100 cm Ϫ1 ͒ of spectral broadening due to the disorder in the material.
Unlike linear spectroscopy, in which the dynamical information of the Si-H vibration is masked by the inhomogeneous broadening of the disordered material, nonlinear spectroscopic techniques allow one to measure directly the microscopic structure and dynamics of the Si-H stretch vibration. Recently, using an infrared pump-probe technique, the vibrational lifetime of the Si-H stretch mode was measured at room temperature. 7 The population of the Si-H stretch mode was seen to decay in a strongly nonexponential manner, which could be characterized by a biexponential decay with two lifetimes, ϳ20 and ϳ100 ps. It was proposed that each time constant corresponds to a different physical process in the material. In this model, the faster decay time corresponds to redistribution within the Si-H stretch vibrational band, and the slower time to energy transfer from the stretch mode to lower lying accepting modes.
In this letter we report transient transmission and transient grating lifetime measurements performed on the Si-H stretch mode as a function of temperature and wavelength, using intense infrared pulses from a free electron laser ͑FEL͒. From these data we obtain the surprising result that energy redistribution does not occur to a significant extent within the Si-H stretch vibrational line, and that the stretch energy decays primarily into three bend quanta plus one transverse acoustic ͑TA͒-like bulk phonon. Therefore, the stretch vibrations are localized, and do not form a phononlike band of states.
The amorphous silicon sample used in these experiments was grown by plasma-enhanced chemical vapor deposition. 8 The amorphous layer was deposited on a crystalline silicon substrate, polished on both sides. The number density of hydrogen, inferred from the infrared absorption spectrum, is 11%. The Si-H stretch mode has a broad absorption line centered at 2000 cm Ϫ1 due to monohydrides, as well as a weaker sideband at 2090 cm Ϫ1 from clustered monohydrides, polyhydrides, and hydrogen on the surfaces of voids. All experiments are performed on the monohydride stretch mode. Both the techniques employed to measure the vibrational lifetime, i.e., infrared pump-probe and transient grating experiments, belong to the general class of degenerate fourwave mixing experiments. 9 In the standard optical pumpprobe arrangement, the energy relaxation of the excited state population due to the pump pulse is monitored by a weaker probe pulse delayed in time with respect to the pump. In the transient grating experiment, the intense pump pulse is split into two parts and crossed in the sample at an angle. This creates a population grating which decays with the excited state lifetime. The time-delayed probe pulse is diffracted by this grating in a unique direction. Because the diffracted signal is detected against ''zero'' background, this method permits measurements of the lifetime with extremely high signal-to-noise ratios. For this reason, we will rely primarily on the transient grating experiment, although pump-probe results are used to verify the consistency of certain measurements.
The infrared free electron laser FELIX ͑Nieuwegein, The Netherlands͒ was used as a source of intense, short pulses. 10 For these experiments, the laser provided a macropulse of several microseconds duration, within which are approximately 100 micropulses of 1 ps duration. The separation between micropulses is 40 ns, and the repetition rate of the macropulse is 10 Hz. The multiple optical beams are created from the main beam by use of dielectric-coated beamsplitters, and are routed through optical delay lines. The beams are focused to a common spot 200 m in diameter using 15 cm focal length BaF 2 lenses. A total of 2 J of infrared energy is delivered to the sample with a transformlimited spectral bandwidth of 15 cm Ϫ1 , where the probe pulse has roughly one third the energy of either pump. The signal from a liquid nitrogen cooled mercury-cadmiumtelluride detector is collected and stored in a computer as a function of optical delay. In general, the data from 10 scans of the optical delay are averaged together to improve the signal-to-noise ratio.
In Fig. 1 , we show a typical scan taken at room temperature, showing the magnitude of the grating signal as a function of optical delay between the probe and the two pump pulses. The inset shows the same data on a semi-log plot. It is clear that the data do not lie on a straight line in the semi-log plot, indicative of a nonexponential decay. These data are qualitatively and quantitatively similar to data collected by Xu et al. 7 on a different sample. Because the transient grating signal is proportional to the square of the transient population grating, we fit the data to the square of a double exponential, given by the expression
where a and the two lifetimes are adjustable parameters. To improve the stability of the fit, we have chosen to fit the data with two exponentials of equal amplitude, rather than allowing the ratio between the two to vary. The data are fit using Eq. ͑1͒ ͑solid line͒, from which decay times of 10.6 and 74.5 ps are obtained. It is important to note that the choice of fit function was made to facilitate comparison with the previous measurements, and not because we wish to associate any physical meaning to the two lifetimes. Lifetime measurements were made as a function of temperature, and across the Si-H monohydride absorption band. For all data collected the shape of the measured decay curves remained unchanged within measurement uncertainty, with the exception of an overall scaling of the time axis. It is therefore possible to fix the ratio between T fast and T slow to obtain a mean value for the lifetime for all temperatures and wavelengths.
In Fig. 2 , the mean lifetime ͑defined as the geometric mean ͱT fast •T slow ͒ of the Si-H stretch mode at 10 K is plotted as a function of wavelength. The solid line in Fig. 2 shows the absorption spectrum of the Si-H stretch mode in the vicinity of 2000 cm
Ϫ1
. We see that the mean lifetime decreases slightly on the red side of the line. On the blue side of the line, the lifetime also decreases due to the influence of the Si-H x and clustered monohydride sideband, consistent with previous measurements ͑Xu et al. 7 ͒. The results of room temperature pump-probe measurements, although somewhat faster, exhibit a similar wavelength dependence.
For band redistribution to occur, either emission or absorption of a low-energy lattice phonon must occur to satisfy energy conservation. In particular, on the red side of the line, the bulk of the remaining accessible stretch states have higher energy; thus, in order for relaxation to take place, absorption of a phonon must occur. At low temperatures, however, the phonons of the necessary energy have extremely small thermal populations, which should lead to a dramatically longer lifetime than at room temperature. We observe no such effect. The fact that the wavelength dependence of the lifetime does not change with temperature is direct evidence that the stretch mode does not form a vibrational band, i.e., that the stretch vibration is highly localized in amorphous silicon.
From the temperature dependence of the energy relaxation rate it is possible to identify the modes which accept the energy of the stretch mode. At low temperature, the vibrational lifetime is determined by the density of states of accepting modes and by the coupling of the stretch energy to those modes. At elevated temperature, the relaxation rate increases due to stimulated emission by thermal population of the accepting modes. The temperature dependence of the relaxation rate is given by the following expression:
͑2͒
where i and N are the frequencies and number of the accepting modes, respectively. From energy conservation the total sum of i must equal the stretch frequency . It is important to remember that Eq. ͑2͒ is valid only in situations in which the density of states of and coupling to accepting modes does not change with temperature. This is a reasonable assumption for this material, since over the observed temperature range neither amorphous silicon nor the crystalline substrate undergoes any sort of phase transition; only a slight thermal expansion occurs, which is unlikely to affect the lifetime dramatically.
In Fig. 3 , we plot the mean lifetime ͑obtained from transient grating measurements͒ as a function of temperature. Pump-probe measurements over this temperature range are consistent with these results, although with much larger error bars due to the poorer quality of the pump-probe data. In the inset in Fig. 3 we see an experimental Raman spectrum showing the vast combination of modes to which the stretch energy might couple. From this diagram, we obtain several possible decay pathways, the temperature dependences of which ͓from Eq. ͑2͔͒ are also shown. All other pathways involve more phonons than those shown in Fig. 3 , and will thus have a steeper temperature dependence. It is clear that only the decay channel of three bend quanta plus one TA phonon fits the data well. Therefore, we find that even after leaving the stretch vibration, the energy remains largely localized in the form of bend mode excitation, with only a small fraction of the energy carried into the matrix in the form of a TA phonon.
In summary, we have performed direct vibrational lifetime measurements on the Si-H stretch absorption line in amorphous silicon as a function of wavelength and temperature. Because the vibrational lifetime depends strongly on the local environment, this technique provides a valuable probe of microscopic structure and dynamics in the vicinity of the Si-H bond. From these data, we conclude that the vibrational energy remains highly localized, relaxing to three bend quanta and one TA-like phonon mode. Surprisingly, neither redistribution of energy among other Si-H modes nor relaxation directly to host modes plays an important role in the energy decay process.
The reason for the strongly nonexponential decay of the vibrational lifetime is still unclear. It is likely that disorder in the material leads to a wide variation in the microscopic environment of the hydrogen, thus leading to a wide distribution of vibrational lifetimes as well as the observed broadening of the absorption line. Investigations are currently underway to verify this model, as well as to examine the possibility of applying these techniques to a variety of problems, ranging from a detailed study of the effects of visible light aging on the structure of amorphous silicon, to a more fundamental inquiry into the nature of disordered materials. ; ͑b͒ four transverse optic ͑TO͒ phonons of 500 cm Ϫ1 , ͑c͒ two TO phonons, and three longitudinal acoustic ͑LA͒ phonons of 333 cm
Ϫ1
, ͑d͒ three TO phonons, one LA, and one TA phonon, and ͑e͒ one stretch mode of 1925 cm Ϫ1 plus one low energy phonon of 75 cm
. The inset shows the density of states ͑DOS͒ ͑measured with Raman spectroscopy͒ for the amorphous silicon system, illustrating which modes may participate in the relaxation process.
